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a  b  s  t  r  a  c  t
Maintaining  grain  quality  of  wheat  under  climate  change  is  critical for human  nutrition,  end-use  func-
tional  properties,  as  well  as  commodity  value.  This  paper  reviews  the  current  knowledge  of  high
temperature  and  elevated  atmospheric  CO2 on whole-grain  and functional  properties  of  wheat.  It  also
considers  the  utility  of  contemporary  crop  models  for investigating  the  impacts  of climate  change  on
wheat  quality;  and discusses  opportunities  for advancing  model  capability.  Under  elevated  CO2 wheat
yield  can  increase  by  up  to 36%,  but universally  grain  protein  concentration  decreases  and  a  shift  in  com-
position  translates  to reduced  functional  properties.  High  temperature  during  the  post-anthesis  period  of
crops can  cause  a step  change  reduction  in  grain-set,  grain  size  and  milling  yield.  Numerous  crop  models
including  APSIM-Nwheat,  CropSyst,  Sirius,  GLAM-HTS  account  for  high  CO2 effects  through  modiﬁcation
of  RUE,  TE or  critical  leaf-N  concentration  and  high  temperature  by  accelerated  leaf  senescence,  grain
number,  potential  grain  weight  or HI modiﬁcations.  For  grain  quality,  however,  crop  models  are  typically
restricted  to predicting  average  grain  size  and  grain-N  content  (concentration),  although  the  SiriusQual-
ity  model  accounts  for the major  storage  proteins,  gliadin  and glutenin.  For  protein  composition,  high
temperature  stress  reduces  the  glutenin/gliadin  ratio  and  limits  the  synthesis  of the  larger  SDS-insoluble
glutenin  polymers  which  causes  wheat  dough  to  have weaker  viscoelasticity  properties.  This  link  provides
an  opportunity  to  model  high  temperature  effects  on grain  functional  properties.  Further  development
and  testing,  utilizing  grain  quality  data  from  global  FACE  programmes  will  be  particularly  valuable  for
validating  and  enhancing  the  performance  of such  models.  For  whole-grain  characteristics,  a single-spike
model  approach,  which  accounts  for intra-spike  variation  in  assimilate  deposition  may  provide  an  oppor-
tunity  to predict  grain  size  distribution  and  associated  screenings  percentage  and  milling  yield.  Taken
together  expanding  the predictive  capability  of  our  crop  models  to  grain  quality  is an  important  step
in  providing  a  powerful  tool  for developing  adaptation  strategies  for combating  the  impacts  of  climate
change  to global  crop production  and  grain  quality.
Crown  Copyright  © 2015 Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the CC. Introduction
Maintaining grain quality under climate change is critical for
uman nutrition, end-use functional properties and commodity
alue. Wheat (Triticum aestivum L.) is one of the signiﬁcant sta-
le grains with worldwide production being 672 million tonnes in
012 (FAOSTAT, 2014). Increasing environmental stress on wheat
roduction associated with climate change will affect both the yield
nd quality of wheat production.Please cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
Grain quality is deﬁned by a range of physical and composi-
ional properties where threshold requirements are set according
o end-use requirements. For staple grains such as wheat, whole-
∗ Corresponding author. Tel: +61 3 5362 2111; fax: +61 3 5362 2187.
E-mail address: James.Nuttall@ecodev.vic.gov.au (J.G. Nuttall).
ttp://dx.doi.org/10.1016/j.fcr.2015.12.011
378-4290/Crown Copyright © 2015 Published by Elsevier B.V. This is an open access ar
d/4.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
grain physical properties such as size and shape inﬂuence milling
yield and screening losses, which determine the processing efﬁ-
ciency and value of the grain. For example, small and shrivelled
grain reduce milling yield (proportion of ﬂour extracted), with a 2%
reduction in milling yield worth approximately $7 per tonne which
is equivalent to $210 million/annum to the Australian grains indus-
try, based on national production ﬁgures for 2012 (FAOSTAT, 2014).
Grain protein concentration and composition is also an important
quality measure which deﬁnes nutritional and end-use properties
of dough mixing and rheological characteristics including dough
strength, development time, extensibility, breakdown and loaf vol-
ume  all of which effect the efﬁciency of the bread making process
and product quality.f grain quality in wheat—A review. Field Crops Res. (2015),
Grain quality is inﬂuenced by genetics, management and envi-
ronment. There is strong genetic control over kernel attributes such
as shape, germ tissue, thickness of bran and crease characteristics.
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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owever, the post-anthesis environment such as water availability
nd temperature strongly inﬂuence seed size, thus it is impor-
ant in deﬁning physical properties such as screenings and milling
ield (Wardlaw and Wrigley, 1994; Guttieri et al., 2001). Similarly
nvironmental conditions, particularly atmospheric CO2 concen-
ration and high temperature heat shock during the grain ﬁlling
hase effects starch and protein deposition and functional proper-
ies including dough rheology and baking quality (Blumenthal et al.,
993; Jenner, 1994; Fernando et al., 2012).
Climate change represents a signiﬁcant challenge for deliver-
ng grain of consistent quality in the future due to the complex
nteractions of atmospheric CO2, changing temperature and rainfall
atterns on yield and quality. In Mediterranean-type environments
here maturing crops coincide with terminal drought, climate
hange with higher temperatures is likely to put the produc-
ion (Asseng et al., 2015) and quality of grains at increasing risk
Conroy et al., 1994). For cropping regions of southern Australia
t is expected that under a future climate, higher atmospheric CO2
ombined with reduced growing season rainfall and higher temper-
tures will exist (Howden and Crimp, 2005; IPCC, 2012). Compared
ith current ambient CO2 concentration (399 ppm) by 2050 aver-
ge CO2 concentration in the atmosphere is projected to be 550 ppm
n accordance with the A1B scenario, which is deﬁned by a future
orld where there is rapid economic growth and there is the intro-
uction of a range of efﬁcient energy technologies (Carter et al.,
007). This is broadly comparable to the Representative Concen-
ration Pathway (RCP) 8.5 which assumes a rising radiative forcing
athway leading to 805 W/m2 in 2100 (van Vuuren et al., 2011;
PCC, 2014). It is likely that the frequency of heat waves has already
ncreased in large parts of Europe, Asia and Australia since the mid-
wentieth century and it is probable that frequency and severity of
uch events will continue to increase (IPCC, 2014). For example in
outhern Australia and New Zealand, where maximum daily tem-
erature exceeded on average once during a 20-year period in the
ate-twentieth century (1981–2000), is expected to increase to once
very three years by the mid-twenty ﬁrst century under the A1B
cenario. This compares with expected global average increases of
nce every two years (IPCC, 2012). Increasing climatic variability
nd the interaction of these competing factors make the global
ssessment of impacts to production and quality difﬁcult (Porter
nd Gawith, 1999; Hogy and Fangmeier, 2008). This is especially
rue where future seasonal conditions are likely to have a variable
ffect on crop growth depending on agro-ecological region (O’Leary
t al., 2011). Moreover, in cropping regions throughout the world,
here climate is currently marginal in terms of temperature stress
nd water availability during the maturing phase of crops, further
ises in temperature and reductions in water availability will make
rops highly vulnerable (Conroy et al., 1994).
Simulation modelling provides the opportunity to understand
he broad scale feedbacks between climate change and agro-
roduction systems at a regional level. Crop models could also
rovide a beneﬁcial means of determining the impact of environ-
ent on grain quality. Despite the large number of crop simulation
odels used throughout the world few deal with quality param-
ters other than grain nitrogen or protein content. Exceptions are
iriusQuality (Martre et al., 2006) and STICS (Brisson et al., 2003) as
ell as APSIM-Nwheat which in addition to grain nitrogen and pro-
ein includes screenings (Asseng et al., 2008). There are numerous
odels that do not simulate grain quality parameters such as CROP-
YST (Stockle et al., 1994), EPIC-Wheat (Williams and Renard, 1985)
r WOFOST (van Diepen et al., 1989). From an end-users perspec-
ive an opportunity exists to expand model capability to account forPlease cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
dditional quality parameters which would provide a useful tool to
etermine better management strategies to maintain high qual-
ty grain. The value of such models is particularly important given PRESS
earch xxx (2015) xxx–xxx
the potential impact of climate change to grain quality in various
agro-ecological zones of the world.
This review examines (i) wheat quality traits and their sensi-
tivity to abiotic stress and expected impacts of climate change,
(ii) a range of current crop models for predicting grain quality to
determine how quality traits are modelled and the need to widen
the capability of our contemporary suite of simulation models to
include a broader range of wheat quality traits, and (iii) explore
potential ways forward for expanding model capability to grain
quality.
2. Wheat quality and climate change
In Mediterranean-type environments where maturing crops
coincide with terminal drought, the yield and quality of grain is
seasonally variable due to rainfall being low and unreliable and the
signiﬁcant risk of heat waves during the reproductive and grain
ﬁlling phase of crops. It is anticipated that under climate change,
growing-season rainfall in many arable cropping regions will be
reduced and there will be a greater incidence of extreme climatic
events (IPCC, 2012). The net effect of a changing climate in semi-arid
cropping regions is likely to be reduced production (Asseng et al.,
2015) and quality of staple grains (Panozzo et al., 2014). While the
focus of this review is on the whole-grain quality, protein quantity
and composition and a range of functional characteristics of wheat
in relation to environment and the potential impacts of climate
change, yield implications are also considered.
The effect of elevated CO2 on C3 plants is to stimulate photo-
synthesis and growth, while reducing transpiration due to higher
leaf CO2 assimilation rates (Conroy et al., 1994). For grain crops
this translates to an increase in production and water use efﬁciency
(Kimball and Idso, 1983). A meta-study of 430 yield observations of
37 plant species grown with CO2 enrichment showed that average
yield increased by 36% (Kimball and Idso, 1983) with a 32% increase
in yield of C3 grain crops. For other free-air carbon dioxide enrich-
ment (FACE) studies, elevated CO2 concentration (eCO2) increased
wheat yield by 10% (Hogy et al., 2009) and in southern Australia
wheat yield by 26% (2.3 compared to 2.9 t/ha) (O’Leary et al., 2014).
Although production is likely to be increased under eCO2, the effect
on grain quality is variable but usually adversely affected (Kimball
et al., 2001; Hogy et al., 2009).
Optimum temperature for grain development ranges from 15
to 25 ◦C (Porter and Gawith, 1999) and although increasing tem-
perature and photosynthesis boosts supply of assimilate, this does
not fully compensate for shortened duration of starch deposition,
where overall higher temperature produce smaller grains. Expo-
sure to chronic temperatures up to 30 ◦C commencing six days after
anthesis (DAA) to maturity reduced kernel weight by between 20
and 30% across two wheat cultivars (Wardlaw et al., 2002). A simi-
lar reduction in kernel weight across these cultivars also occurred
after a four day heat shock treatment at 36 ◦C (6 DAA) indicating a
heat shock response being initiated at temperatures above 30 ◦C. At
temperature >30 ◦C, the rate of starch deposition decreases due to
the reduced activity of enzymes catalysing starch synthesis (Jenner,
1994). Adequate water supply to crops that are heat-stressed help
maintain grain-ﬁlling rate, duration and size (Altenbach et al.,
2003), although high temperature where water supply is non-
limiting has also been shown to cause a reduction in single grain
weight (McDonald et al., 1983). Within Mediterranean-type envi-
ronments, the potential beneﬁt of adequate water to mitigate heat
stress effects to crops is likely to be limited as they generallyf grain quality in wheat—A review. Field Crops Res. (2015),
mature under terminal drought conditions. Higher frequency of
extreme weather events such as heat waves is also anticipated
under future climates (IPCC, 2012) where heat shock can have a
non-reversible destructive impact on crop yield potential. In par-
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icular, heat shock during the reproductive phase impacts wheat
rowth by causing pollen sterility, tissue dehydration, lower CO2
ssimilation and increased photorespiration (Farooq et al., 2011).
heat is most sensitive to sudden heat stress around ﬂowering and
ecomes increasingly tolerant to high temperature during the grain
lling phase (Tashiro and Wardlaw, 1990) making the time of expo-
ure important determinant of impact. A review of temperature
ffects to wheat growth (Porter and Gawith, 1999), concluded that
uring the reproductive period, 31 ◦C was the upper limit (Tmax)
heat could tolerate during anthesis whereas Tmax increased to
etween 33 and 37 ◦C during the grain ﬁlling phase, although crit-
cal thresholds can shift given cultivar (Stone and Nicolas, 1994).
tudies of the effect of heat stress on wheat growth have estimated
hat yields were reduced by 18–35% for 35 ◦C heat stress imposed
ver a single day (Talukder et al., 2010). Under a future climate it
s expected that hotter and drier conditions during the grain ﬁlling
hase will have an overriding impact on crop production, thus lim-
ting potential beneﬁts conferred by carbon fertilization. Moreover
he impact of high temperature effects in a high CO2 world will
ave an additive negative impact on grain quality.
.1. Whole-grain quality characteristics
Whole-grain quality encompasses the physical characteristics
f grain, such as milling yield, screenings and test weight which
re inﬂuenced by both genotype and environment. This review
ocuses on the latter. Milling yield is deﬁned by the amount of
our that can be extracted from grain and is dependent on the
roportion of endosperm (75–83%) in the mature kernel relative
o its other components of the embryo (germ), aleurone and seed
oat (bran) (Hammermeister, 2008) and is strongly dependent on
rain hardness (Hruskova and Svec, 2009). Typically also for small
nd shrivelled grains, the higher proportion of bran relative to
ndosperm produces a lower milling yield (Marshall et al., 1984).
he depth of crease is also an important determinant of milling
ield where kernels with a shallow crease have higher milling yield
Mabille and Abecassis, 2003).
Wheat screenings are deﬁned by the percentage of grain by
eight which passes through a 2 mm slotted screen and consti-
ute either small non-shrivelled kernels or pinched kernels and
re inﬂuenced by cultivar, seasonal conditions and management
ptions such as sowing time and nitrogen fertilizer application
Sharma and Anderson, 2004; Fernando et al., 2012). Sharma and
nderson (2004) demonstrated that screenings percentage was
nversely related to post-anthesis rainfall and associated drought
tress but proportional to plant population and grain set. More-
ver, grain-set was strongly inﬂuenced by pre-anthesis water and
itrogen status. High available nitrogen generally caused screen-
ng percentage to increase, although, cultivar inﬂuenced this trend.
mall non-shrivelled grains have acceptable milling and other end-
se characteristics compared with small pinched grain (Gaines
t al., 1997), however, both constitute screenings. Although milling
ield is not inﬂuenced by small kernels per-se,  due to the removal
f pinched and small grain prior to milling there is an impact on the
conomics of milling due to high losses associated with the reﬁning
rocess. Consequently, measurement of screenings provide impor-
ant commercial information of losses associated with milling.
imilar to screenings, grain size heterogeneity, which deﬁnes the
roportion of grain across a range of size classes, is an important
ndicator of the milling yield. For example grain that is skewed
owards small grain size, but is not screening, is likely to have aPlease cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
ower milling yield. Test weight is deﬁned by the weight of a mea-
ured volume of grain expressed as kilograms per hectolitre and
eﬂects the bulk density of grain. A higher test weight infers larger,
igher quality grain, whereas low test weights are associated with PRESS
earch xxx (2015) xxx–xxx 3
either small and/or pinched kernels or weather damaged grain with
high water content.
2.1.1. Elevated atmospheric CO2 concentration
For a range of FACE studies the effect of eCO2 on milling yield has
been inconsistent with it either increasing (Fernando et al., 2012) or
having no effect (Rogers et al., 1998; Kimball et al., 2001). Similarly
for a FACE experiment in southern Australia there was no effect
of eCO2 on grain milling yield across three commercial varieties of
wheat (Panozzo et al., 2014). In contrast growing season had a sig-
niﬁcant effect on milling yield indicating the overriding impact of
water stress, compared with level of atmospheric CO2. Test weight
followed the same pattern of response to milling yield. The effect
of elevated CO2 on kernel size is also variable, where there is either
a decline (Blumenthal et al., 1996; Hogy et al., 2009), remains
unaffected (Fangmeier et al., 1999; Hogy and Fangmeier, 2008) or
increases (Rogers et al., 1998; Fernando et al., 2012; Panozzo et al.,
2014), which may  reﬂect the interactions of post-anthesis water
availability and temperature on deﬁning grain size where grain
number and yield potential has been increased due to elevated CO2
concentration. A shift in sink-source ratios due to eCO2 may  also be
implicated.
2.1.2. High temperature and heat stress
Accelerated crop development, due to increased temperature,
limits the duration of the grain ﬁlling period, starch biosynthesis
and deposition which result in small grains and increases screen-
ing percentage (Spiertz et al., 2006; Farooq et al., 2011; Ferreira
et al., 2012). The impact of high temperature also appears to oper-
ate independently to crop water availability, where single grain
weight has been recorded to fall as much as 4% for every 1 ◦C
rise in temperature above 18 ◦C despite water being non-limiting
(McDonald et al., 1983). High temperature effects during the grain
ﬁlling phase are also like to increase the heterogeneity of grain size
within a crop. Typically within a maturing wheat spike there is
a sequence with which spikelets and ﬂorets ﬁll related to their
position on the spike (Stoddard, 1999). The central spikelets and
proximal ﬂorets have the advantage of ﬂowering earlier and receiv-
ing priority allocation of assimilates thus tend to be larger grain
size compared with kernel on distil spikelets and ﬂorets. Abiotic
stress, such as high temperature limiting availability of starch for
deposition, will typically cause upper and lower spikelets and dis-
til ﬂorets to either abort or produce small grains (Bremner, 1972).
Variation in grain nitrogen concentration related to position of the
spikelet and variable N supply also exists (Stoddard, 1999). Simi-
larly macro- and micro-nutrient concentrations decrease at grain
positions more distal from the rachis for a range of wheat culti-
vars (Calderini and Ortiz-Monasterio, 2003). Consequently, water
and temperature stress will not only limit grain set but also cause
greater variation in grain size of the crop, which will produce higher
screenings, and a shift in distribution to smaller grain size and a
subsequent reduction in milling yield. Such intra-head variation in
grain size and N-concentration due to the way assimilate is allo-
cated to forming kernels may  hold a clue to modelling physical
grain characteristics and the degree to which N-dilution occurs
given environmental condition during grain ﬁlling.
2.2. Grain chemistry and functional properties
Functional properties of wheat are associated with grain hard-
ness, protein content (percentage) and composition where the ratio
of the storage proteins glutenin and gliadin and the size distribu-f grain quality in wheat—A review. Field Crops Res. (2015),
tion of the former control viscoelastic properties of dough (Ferreira
et al., 2012), and are inﬂuenced by genetics and environment (Moss,
1973; Johansson et al., 2001). The wide range of viscoelastic prop-
erties of wheat dough translate to end-uses such as bread, cakes,
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iscuits, noodles and pasta. Grain protein concentration is the net
esult of independent starch and protein accumulation in the grain
here the grain ﬁlling process is deﬁned by three consecutive
tages (Vos, 1981). The initial 7–14 days after anthesis is a lag period
hen the rate of starch accumulation is slow, associated with the
aryopsis structure being deﬁned. The second (linear) phase is
hen most starch and protein accumulates in the grain at a con-
istent rate. During the third phase, the starch deposition ceases,
owever, accumulation of protein continues longer and ﬁnishes
loser to maturity. During the grain ﬁlling period the rate and depo-
ition of carbohydrate is sink-limited during the early rapid linear
hase and when post-anthesis environment is non-limiting. In con-
rast, protein deposition is largely source-limited and relies on N
eserves accumulated in the leaves and stems in the pre-anthesis
hase (Jenner et al., 1991). Genetic factors also effects grain protein
oncentration, through differences in both plant-N accumulation
nd starch and N transfer efﬁciency during grain ﬁlling.
For dough, the viscoelastic properties are linked with the grain
torage proteins comprising of the monomeric and polymeric pro-
amins known as gliadins and glutenins respectively (Shewry,
009). The polymeric complexes of glutenin gives dough its elas-
icity (resistance) properties, and important in deﬁning the dough
trength (Panozzo and Eagles, 2000). The low molecular weight
LMW)  and high molecular weight (HMW)  subunits of glutenin
ollectively accounted for 70% of the variation in measured elas-
icity (Gupta et al., 1992). The monomeric gliadin proteins are
inked with the dough’s extensibility. It is the balance between
he elasticity (resistance) and extensibility imparted by the rela-
ive concentrations of glutenins to gliadins and size distribution of
he HMW  subunits of glutenin which inﬂuences the viscoelastic-
ty of the dough and end-use quality (Shewry et al., 2002; Ferreira
t al., 2012).
.2.1. Elevated atmospheric CO2 concentration
Increasing concentration of atmospheric CO2 consistently
educes grain protein percentage of wheat (Blumenthal et al., 1996;
ogers et al., 1998; Fangmeier et al., 1999; Hogy and Fangmeier,
008; Wieser et al., 2008; Hogy et al., 2009; Fernando et al., 2012;
anozzo et al., 2014). Changes in plant chemical composition under
levated CO2 are well documented, particularly decreases in leaf N
oncentrations and increases in C/N ratios in C3 plants (Fangmeier
t al., 1999; Wieser et al., 2008). Multiple hypotheses to explain
uch decreases in leaf N under eCO2 have been proposed, among
hem dilution mechanisms (increased carbon assimilation under
CO2 may  ‘dilute’ all other minerals relative to C in biomass), but
lso more speciﬁc mechanisms involving CO2-effects on N uptake,
llocation (such as decreased N allocation to RuBisCo, a major leaf N
ool), or biochemical assimilation, with some or all of them poten-
ially contributing to various extents (Tausz-Posch et al., 2014;
uchner et al., 2015). As N concentrations in cereal grains are the
esult of signiﬁcant remobilisation of N from leaves, decreases in
eaf N concentrations will affect the amount of N that is available for
emobilisation, but in addition, any eCO2-induced changes in tim-
ng and rate of N remobilisation during leaf senescence and grain
lling may  also contribute to the decline in grain protein (Rogers
t al., 1996; Seneweera et al., 2005; Taub et al., 2008).
A review of plant CO2 response (Hogy and Fangmeier, 2008)
omparing the average relative effect of elevated CO2 (380 vs
50 ppm) on grain protein concentration summarised that there
as a 4.2, 3.9 and 2.3% reduction in grain protein concentration
ue to elevated CO2 for open top chambers, closed top chambers
nd FACE experiments respectively. Further FACE experiments inPlease cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
ermany and Australia also recorded a reduction in grain pro-
ein percentage of 7.4% and 3.7% respectively due to elevated CO2
Hogy et al., 2009; Panozzo et al., 2014). Apart from a decrease in
bsolute grain protein due to elevated CO2, a shift in protein compo- PRESS
earch xxx (2015) xxx–xxx
sition (glutenins/gliadins ratio) has also been observed, which will
alter dough mixing and rheological characteristics. For the German
FACE there was  a signiﬁcant decrease in gliadins compared with
glutenins which translated to a slight (non-signiﬁcant) increase
in the glutenin/gliadin ratio (Hogy et al., 2009). Similarly Wieser
et al. (2008) observed an increase in the glutenin/gliadin ratio
whereas Blumenthal et al. (1996) found that the glutenin/gliadin
ratio remained unchanged, despite an overall drop in protein per-
centage.
Both a reduction in grain protein percentage and altered pro-
tein composition typically impacts dough functional properties and
bread quality (Kimball et al., 2001). For bread making a protein con-
tent of ca. 11.5% is currently required for adequate bread making
quality (Hogy and Fangmeier, 2008) therefore in a CO2-rich world
a universal reduction of grain protein may  translate to an increase
in wheat where protein is below the minimum quality standard
for bread making, although this protein threshold may  be reduced
if the bread making process could be optimized to accommodate
lower protein wheat. Experimentally the effects of eCO2 on dough
rheology is that dough resistance was signiﬁcantly reduced by 34%
while there was  a non-signiﬁcant increase in extensibility (17%)
and decrease in loaf volume (9%) (Hogy et al., 2009). Similarly for
a FACE experiment on wheat in southern Australia, there was  a
consistent and signiﬁcant reduction in loaf volume from between
6 and 10 % across three growing seasons. Dough extensibility also
signiﬁcantly decreased under eCO2 for two  out of the three sea-
sons tested, however, there was no impact of CO2 concentration on
dough strength (Panozzo et al., 2014). It is likely that the impacts of
eCO2 on functional properties and industrial processes are variable
and less pronounced than changes in absolute grain protein con-
centration. Irrespective a reduction in grain quality due to global
increases in atmospheric CO2 provide the motivation for develop-
ing adaptive strategies through agronomic and breeding solutions
to limit the impact to human nutrition and market value of staple
grains in a high CO2 world.
2.2.2. High temperature and heat stress
Heat stress contributes to a signiﬁcantly weakening of dough
properties (Wardlaw and Wrigley, 1994). Increasing temperature
to a threshold during grain ﬁlling increases protein content and
dough strength, however, chronic high temperatures (up to 30 ◦C)
and heat shock (greater than 30 ◦C) alters the composition of
both protein and starch within the grain, which adversely effects
end-use properties such as dough strength, extensibility and loaf
volume. Under high temperatures during the grain ﬁlling phase,
protein content is observed to increase (Randall and Moss, 1990;
Panozzo and Eagles, 2000). At temperature above 30 ◦C the rate
at which starch accumulates decreases (Jenner, 1994), whereas
the rate of protein is largely unaffected, (Altenbach et al., 2003)
which results in higher grain protein content. Similarly DuPont et al.
(2006) demonstrated that starch accumulation, linked with days
(intercepted radiation) and grain protein, as degree-days translated
to a compensation of protein accumulation under shorter duration
of grain development associated with high temperature, compared
with starch hence grain protein concentration increased under ele-
vated temperature.
Despite grain protein content increasing under high temper-
ature the composition and functional properties of both starch
and protein are also altered (Blumenthal et al., 1993; Jenner,
1994; Corbellini et al., 1997; Farooq et al., 2011). For starch
this constitutes two  classes of polymers, amylose and amy-
lopectin, which are straight chained and highly branched moleculesf grain quality in wheat—A review. Field Crops Res. (2015),
respectively. Under heat stress during grain ﬁlling (>30 ◦C) the amy-
lose/amylopectin ratio increases which causes a reduction in dough
elasticity. The size distribution of starch granules is also modiﬁed
by temperature (Hurkman et al., 2003). Such understanding of the
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ink between temperature during the grain ﬁlling phase and starch
ranule deposition provides opportunity to model starch granule
ize distribution and also make estimate of emergent properties
uch as grain milling, starch digestibility and dough viscoelastic
roteins.
In most cases high post-anthesis temperatures, which trigger a
eat-shock response, translate to a reduction in dough strength
hat is linked with a reduction in the HMW  glutenin subunits
Blumenthal et al., 1998), although in one study a reduction in
lutenin due to post-anthesis heat stress translated to greater
ough strength (Panozzo and Eagles, 2000). Typically high tem-
erature (>30 ◦C) for even short periods (several days) during the
rain ﬁlling phase cause a reduction in the synthesis of glutenin
r a relative decrease in glutenin/gliadin ratio (Blumenthal et al.,
991; Panozzo and Eagles, 2000). Variation in protein composi-
ion also occurs with cultivar (Stone and Nicolas, 1994), which
an complicate interpretation of speciﬁc heat-stress effects. Sev-
ral hypotheses to describe the change in dough-protein function
ue to heat stress during the grain ﬁlling, have been proposed by
lumenthal et al. (1998). Brieﬂy these include (i) the reduction in
he glutenin/gliadin ratio due to gliadin synthesis being maintained
hile glutenin synthesis decreased, during heat stress, translates to
eaker dough properties, (ii) the proportion of larger sized glutenin
olymers in the mature grain, which is correlated with dough
trength, are reduced due to heat stress limiting enzymes support-
ng the disulphide bonding and glutenin polymer size accordingly,
iii) the synthesis of heat shock proteins (HSP), which could pre-
ail in the mature grain, weakens the dough structure, and (iv)
he polymerization process of gluten proteins is disrupted due to
SP inducing disaggregation and hydrolysing of proteins under
eat stress conditions. The size distribution of glutenin polymers,
s determined by the proportion of sodium dodecyl sulfate (SDS)
nsoluble polymers within the glutenin protein fraction, is consid-
red an important determinant of dough visco-elasticity (Gupta
t al., 1995; Wardlaw et al., 2002; Ferreira et al., 2012).
Both chronic high temperatures during the grain ﬁlling phase
up to 30 ◦C) and heat shock conditions (several days over 32 ◦C
t 6 DAA) caused a decline in SDS-insoluble glutenin polymers
Wardlaw et al., 2002). Additionally in this study variation in
esponse existed across wheat cultivars tested, which suggested
pportunity for improving stability of grain quality under tem-
erature stress. During the grain ﬁlling phase the formation of
DS-insoluble glutenin polymers appears to commence early in the
rain ﬁlling period for durum wheat (as early as 7 DAA), where
nsolubilization of glutenin polymers occurred in conjunction with
he continual dehydration of the grain (Carceller and Aussenac,
999; Ferrise et al., 2015). Overall, the high temperature effects
uring the grain ﬁlling phase and functional properties of wheat
our, can be linked using the polymerization process of proteins
nd the emergent size distribution of glutenin protein polymers.
.3. Combined effect of high temperature and elevated CO2 on
rain quality
For Mediterranean-type environments where the grain ﬁlling
hase of temperate crops usually coincide with high tempera-
ure and terminal drought, rising atmospheric CO2 concentration,
ncrease in average temperature, limited water supply and higher
requency of heat waves due to climate change, taken together,
mposes a signiﬁcant challenge to maintaining grain production
nd quality of staple crops globally. Greater pre-anthesis growth
nd yield potential under elevated CO2 combined with increasinglyPlease cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
evere terminal drought may  translate to ‘haying off’ conditions
Nuttall et al., 2012a) with incomplete grain ﬁll becoming a more
ommon occurrence. This would translate to grain having a reduced
illing yield and higher losses associated with screenings. For bak- PRESS
earch xxx (2015) xxx–xxx 5
ing quality, the combined effect of elevated CO2 lowering gliadin
synthesis (Wieser et al., 2008; Hogy et al., 2009) and heat shock
increasing the gliadin/glutenin ratio, may  counteract each other.
Overall, however, the reduction in protein percentage due to ele-
vated CO2 combined with high temperature limiting the generation
of glutenin protein polymers is likely to have an overriding impact
on dough functional properties and baking properties of bread.
Increasing atmospheric carbon dioxide is a global phenomenon,
whereas the shift in other abiotic stresses such as temperature and
rainfall pattern will be region speciﬁc. Consequently global pro-
duction and quality of staple grains is likely to become increasingly
variable and potentially decline if effective mitigation strategies are
not identiﬁed. Crop biophysical models provide one opportunity to
investigate the complex interaction of climate and weather on crop
growth and provide theoretical basis for adaptive strategies, either
agronomic or genetic.
3. Crop models and grain quality
The ability to determine grain quality under current and
expected future climatic conditions would allow global and
national grains industries to understand the implications of cli-
mate change to grain quality and develop adaptive strategies to
limit impact. Crop models which adequately account for abiotic
factors including high temperature heat shock and elevated CO2,
are essential for the assessment of future climate scenarios.
The yield and quality of a wheat crop is determined by the
complex interaction of water availability, nutrition, environment,
pest and disease and genetic make-up. Statistical models lack the
capacity to predict grain quality attributes due to the interaction
and feedback processes that occur across the multiple variables
describing crop growth. Alternatively, mechanistic models attempt
to deﬁne the fundamental processes of the system and capture
these complex biological interactions mathematically. Biophysi-
cal models have broad applicability over a range of environments
and account for basic cultivar traits, however, the simpliﬁcation
of processes captured within model routines means calibration is
often required when performing treatment based comparisons at
a detailed scale.
3.1. Grain nitrogen content
Early modelling of grain quality was focused on simulating
grain-N content as it is a key quality parameter deﬁning nutri-
tional and functional properties of cereals (Table 1). Whilst daily
crop nitrogen uptake is usually deﬁned by the minimum of nitro-
gen demand and potential uptake its transfer to grain has been
modelled at various levels of complexity. The simpler harvest index
approach (e.g. SIRIUS (Jamieson et al., 1998); STICS (Brisson et al.,
1998)) and more complex source-sink models e.g. Sirius (Jamieson
and Semenov, 2000) exempliﬁes this evolution.
The CERES-wheat (Ritchie et al., 1998) grain ﬁlling routine
applies independent functions for dry matter and N accumulation
in the grain, dividing the grain ﬁlling process into phases. Typically
the initial ‘lag-phase’ of starch and protein accumulation is delayed
until 120◦ days after 50% anthesis. The kernel dry matter initialized
at 3.5 mg  and the grain-N set at zero. The supply of carbohydrate
for grain ﬁlling in the model is derived from re-translocation and
photosynthesis. Variation in N accumulation due to genetic varia-
tion is not accounted for in this routine. The CERES-wheat (Ritchie
et al., 1998) grain ﬁlling routine applies independent functions forf grain quality in wheat—A review. Field Crops Res. (2015),
dry matter and N accumulation in the grain, dividing the graining
ﬁlling process into phases.
APSIM-Nwheat adopted the identical grain protein routine as
CERES-wheat, however, simulation of grain protein at very low
ARTICLE IN PRESSG ModelFIELD-6604; No. of Pages 10
6  J.G. Nuttall et al. / Field Crops Research xxx (2015) xxx–xxx
Table 1
A range of wheat crop simulation models showing their capability of simulating grain quality parameters (Y/N), including the number of cultivar speciﬁc parameters required
as  input.
Model Source Grain
number
Grain size Grain
nitrogen
Grain
protein
Screenings Milling
yield
Number of cultivar
parameters
APSIM-Nwheat (V1.55S) http://www.apsim.info Y Y Y Y Y N 7
APSIM-Wheat (V7.4) http://www.apsim.info Y Y Y Y Y N 7
CROPSYST (V.3.04.08) http://www.bsyse.wsu.edu/CS Suite/
CropSyst/index.html
N N N N N N 16
DSSAT-CROPSIM-CERES (V.4.0.1.0) http://www.icasa.net/dssat/ Y Y Y Y N N 7
DSSAT-CROPSIM (V4.5.1.013) http://www.icasa.net/dssat/ Y Y Y Y N N 21
EPIC-WHEAT (V1102) http://epicapex.brc.tamus.edu/ N N N N N N 16
FASSET (V.2.0) http://www.fasset.dk N N Y N N N 14
HERMES (V.4.26) http://www.zalf.de/en/forschung/
institute/lsa/forschung/oekomod/
hermes
Y Y Y N N N 6
INFOCROP (V.1) (Aggarwal et al., 2006) Y Y Y Y N N 10
LINTUL-4 (V.1) http://models.pps.wur.nl/models N N Y N N N 4
MONICA (V.1.0) http://www.zalf.de/en/forschung/
institute/lsa/forschung/oekomod/
hermes
Y Y Y N N N 15
OLEARY-CONNOR (V7) (O’Leary and Connor, 1996) Y Y Y N N N 18
SALUS (V.1.0) http://www.salusmodel.net N N Y N N N 18
SIRIUS (V2010) (Jamieson et al., 1998) Y Y Y Y N N 14
SIRIUSQUALITY (V1) (Martre et al., 2006) Y Y Y Y N N 14
STICS  (V.1.1) (Brisson et al., 2003) Y Y Y Y N N 15
WOFOST (V.7.1) http://www.wofost.wur.nl/UK N N N N N N 3
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mome models report only grain N concentration while others report both N and pro
hat  simulate grain N concentration.
nd very high nitrogen inputs combined with terminal drought
as found to be producing under and over estimates of grain
rotein percentage, respectively. To improve performance of the
PSIM-N Wheat model the daily transfer of N to grain was  con-
trained to between 1.23 and 4% N/day and grain N was  initialized
ith up to 3% N depending on stored plant N, to account for
he initial ‘lag phase’(Asseng et al., 2002). In further development
f APSIM-Nwheat, two independent temperature functions were
sed to control grain N and weight accumulation and upper and
ower daily protein accumulation rates in grain were set to 23
nd 7% respectively which increased model utility for studying
easonal temperature and rainfall interactions on grain N concen-
ration (Asseng and Milroy, 2006). Around this time other studies
hich also proposed a mechanistic framework for modelling nitro-
en uptake and distribution in wheat were also being undertaken
Jamieson and Semenov, 2000), where shoot tissue was separated
nto component organs with differing N-management. The disag-
regation into leaf, stem and grain provide for nitrogen in the green
issue being maintained at a constant level, thus allowing the effects
f N shortages through variation in leaf area to be accounted for.
xcess N was retained in the non-green tissue. This validated model
rovided advances in more accurately simulating N-dynamics and
o improved the capacity to simulate grain quality (Jamieson and
emenov, 2000).
More recently, advances in modelling the nitrogen dynamics in
heat and the deposition of protein (Pan et al., 2006) and starch
Pan et al., 2007) to grain have been proposed, which account
or genetic and environmental factors such as nitrogen and water
upply. For this study, genetic parameters were used to describe
tarch and N accumulation in cultivars with putative differences
n grain protein, where a maximum rate of individual grain starch
ccumulation was used to describe variation in capacity to synthe-
ise starch across cultivars. For protein deposition, two  genotypic
arameters were used, the maximum rate of individual grain N
ccumulation and the physiological ﬁlling duration. APSIM-NwheatPlease cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
lso accounted for genetic yield potential by increasing the poten-
ial rate for grain dry matter accumulation, independent of protein
eposition (Asseng and Milroy, 2006). Broadly, the cultivar-speciﬁc
odelling of protein and starch deposition within grain shouldoncentration hence it is possible to calculate a crude protein content for all models
translate to more accurately predicting grain protein concentration
which focus on the idea of sink and source limitations of assimilate
supply to the grain. Accounting for cultivar also provides the theo-
retical frame-work for attempting to break the so-called inverse
yield–protein relationship (Martre et al., 2003; Pan et al., 2006,
2007). This should ultimately lead to plant breeders identifying
genetic material that allows both yield and protein contents to be
simultaneously increased. Importantly, these advances also pro-
vide the opportunity to model wheat quality parameters that are
linked with functional properties important to the grains indus-
try. It also contributes signiﬁcantly to crop models being utilized to
determine the impacts of our changing climate on the production
and quality of grains.
3.2. Extended model functionality
Where speciﬁc quality parameters have not been integrated
into model routines, there is the potential that simple descriptive
regression models could be linked to the more complex simula-
tion models to extend its functionality. For example, in a ﬁeld
study which examined the inﬂuence of genetic, environmental
and management on small grains (screenings), 81% of the vari-
ability in wheat screenings could be described by cultivar-speciﬁc
grain weight (GW), post-anthesis rainfall and geographical fac-
tors (Sharma and Anderson, 2004). These data were subsequently
adapted for incorporation into a biophysical crop model to simulate
the effects of environment and management on screenings over
a range of different agro-ecological regions (Asseng et al., 2008).
The screening percentage was simulated using the relationship:
SC% = −0.833 GW + 26.67 (SC% = 10% for GW <20 mg and SC% = 0%
for GW >32 mg), where SC% is percent screening and GS is the aver-
age predicted grain size calculated by the crop simulation model.
A second example of extended model functionality was research
which linked a descriptive model of milling yield with a crop bio-
physical model to test the combined impact of elevated CO2, asf grain quality in wheat—A review. Field Crops Res. (2015),
well as hotter and drier weather conditions expected in 2050 due
to climate change (Nuttall et al., 2012b). This work initially deﬁned
a descriptive model of milling yield, using seasonal stress indices
derived from a crop biophysical model (APSIM-Wheat V7) that was
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alibrated against four seasons of data from a FACE experiment
O’Leary et al., 2014) in southern Australia. This model explained
7% of the variation in milling yield using a generalised logis-
ic function. A simulation over 68 years, for altered climate data,
etermined that for the Wimmera region in southern Australia, the
redicted milling yield would remain unaffected despite a slight
et decrease in grain set and yield. These examples highlights the
apacity to successfully link a descriptive model of grain quality to
 mechanistic model to extend ﬁndings to other grain quality traits
nd agro-ecological environments.
Other grain quality properties could be included into crop mod-
ls using a similar approach. Some of the relationships which could
e considered include using heat sums to predict dough properties
uch as those deﬁned by (Blumenthal et al., 1991; Peterson et al.,
998). For example using: (i) the causative relationships between
ough strength and cumulative temperature hours above 35 ◦C in
he post anthesis phase (Blumenthal et al., 1991); and (ii) the cor-
elation between loaf volume and sodium dodecyl sulphate (SDS)
edimentation with cumulative number of hours wheat crops were
xposed to >32 ◦C in the post-anthesis phase (Peterson et al., 1998).
hese descriptive regression models may  provide the basis for
odelling wheat functional properties using heat sum calculations
erived from climate data with the crop model.
The pragmatic approach of using regression models allows the
tility of our present suite of models to be capitalised whilst new
xperiments are conducted to deﬁne fundamental mechanisms
ore suited to the versatile biophysical simulation models. Ulti-
ately developing mechanistic based models which deﬁne the
esponse of wheat to abiotic stresses such as high temperature and
apture the emergent properties associated particularly with grain
uality and end-use characteristics is required.
.3. Grain protein composition
Few contemporary models account for grain protein composi-
ion within their sub-routines, although the SiriusQuality model
as been developed to account for structural, and storage pro-
eins (Martre et al., 2003; Martre et al., 2006). Partitioning of N
as divided into structural/metabolic and major storage proteins
hich constituted the albumin, globulin and amphiphilic fractions
nd gliadin and glutenin fractions respectively. The accumulation
f structural proteins occurs in the early phase after anthesis (up
o 25 days after anthesis) and subsequently the storage protein
raction when cell division has ceased (Stone and Nicolas, 1996).
he initial accumulation of structural proteins is deemed sink-
egulated whereas the supply of storage proteins source-limited
Martre et al., 2003) and for modelling purposes is considered
he difference between total N supply and daily N required for
tructural maintenance. The SiriusQuality model also assumed allo-
ation of N between the storage protein fractions gliadin and
lutenin remained constant during grain ﬁlling and the genotype-
nvironment interactions was considered to modify total grain N,
hrough source-limitation but not allocation of N between the dif-
erent protein fractions (Martre et al., 2003).
This provides a proof-of-concept that crop models can be
xtended to account for protein composition, although how this
ranslates directly to functional properties and industry processes
s less clear. Experimentally, high temperature stress during the
rain ﬁlling phase decreases the glutenin/gliadin ratio and lim-
ts the synthesis of the larger SDS-insoluble glutenin polymers
hich translates to dough with weaker rheological properties
Blumenthal et al., 1993; Corbellini et al., 1997) and pasta viscoelas-Please cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
icity for durum wheat (Troccoli et al., 2000). The link between
ost-anthesis temperature, glutenin polymer formation and grain
unctional properties implies that polymerization and aggregation
f glutenin polymers is a key processes to capture in modelling the PRESS
earch xxx (2015) xxx–xxx 7
impacts of environment on end-use value of wheat (Ferreira et al.,
2012). This study assessed the effect of high temperature (27.5 ◦C)
on glutenin polymerization, change in grain water and protein con-
centration during the grain ﬁlling phase. Moreover, the effect of
nitrogen supply and sowing time on grain glutenin polymerization
of durum wheat has also been measured (Ferrise et al., 2015). Such
studies provide us with valuable insight into how wheat functional
properties could be modelled.
3.4. Whole-grain quality
For whole-grain quality characteristics such as milling yield and
screenings percentage, these are strongly inﬂuenced by environ-
mental conditions during the grain ﬁlling phase and are reﬂected in
both the average size and distribution of individual kernel that con-
stitute the yield. To model whole-grain quality characteristics, grain
size distribution is important and may  be captured mechanistically
by using a single-spike model approach to accommodate the physi-
ological processes controlling the distribution and rate of assimilate
deposition to grain based on spikelet and ﬂoret position, intra-spike
(Kirby, 1974; Wilhelm and McMaster, 1996). Previously simulating
the morphology of barley spike phenotypes has been undertaken,
using an L-system model to rapidly predict and visualize pheno-
types given genetic background (Buck-Sorlin and Bachmann, 2000),
however, this model did not account for environmental effects.
For a mechanistic single-spike model, effects of intra-spike posi-
tion including time lag of anthesis, range in grain ﬁlling period (De
Vries, 1973), variation in initial kernel mass at the onset of the lin-
ear growth stage (Simmons and Crookston, 1979), the priority and
rate at which starch and protein enters the grain based on vascular
connection and cultivar effect (Rawson and Evans, 1970; Bremner,
1972) could be accounted for.
This proposed framework for a single-spike model may provide
the basis for a subroutine which expands the capacity of biophysical
models to simulate whole-grain quality parameters such as ker-
nel size distribution and associated end-use parameters, screenings
and milling yield. Such a model may  also improve the simulation
of grain protein percentage as variation in the dilution of carbohy-
drate within the grain, intra-spike could be accounted for which
is particularly relevant in environments where supply of assimi-
lates during grain ﬁlling is limited. To advance and test the utility
of a single-spike model the next steps could include: (i) develop
a subroutine which describes the intra-spike grain ﬁlling process,
(ii) undertake an experimental programme which focuses on the
assessment of grain quality of kernels based on their intra-spike
position where cultivar and environmental effects are considered
and (iii) deﬁne cultivar speciﬁc settings, under non-limiting con-
ditions, which targets the measurement of individual kernels to
determine growth rate.
4. Discussion
Expanding and improving the predictive capability of our crop
models to grain quality is an important step in improving our
understanding of the impact of climate change to functional prop-
erties and end-use value of staple grains. It is also valuable for
developing adaptive strategies for maintaining production and
grain quality into the future (Asseng et al., 2015). In recent years
signiﬁcant advancements have been made across a range of crop
models including APSIM-N wheat (Asseng et al., 2011), Cropsyst
(Moriondo et al., 2011), Sirius (Stratonovitch and Semenov, 2015),f grain quality in wheat—A review. Field Crops Res. (2015),
GLAM-HTS (Challinor et al., 2005) to account for the effects of
atmospheric CO2, increasing average temperature and extreme
temperature effects on crop yield, although a recent review (Barlow
et al., 2014) also identiﬁed that improved understanding of the
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tep-changes occurring in state variables associated with heat
hock response of plants is likely to improve simulation of heat
ave effects on yield. In contrast the ability for many contempo-
ary crop models to simulate grain quality parameters is typically
estricted to average grain size and grain-N content (protein
oncentration) and lack the capacity to predict more detailed
hole-grain physical characteristics, protein composition or func-
ional properties. In some cases, the functionality of crop models to
rain quality have been extended to screening and milling yield by
oupling regression and biophysical models (Asseng et al., 2008;
uttall et al., 2012b) and numerous statistical models have been
eveloped which link environment to grain quality (Blumenthal
t al., 1991; Peterson et al., 1998; Sharma and Anderson, 2004)
lthough this coupling extends functionality the lack of mechanis-
ic integration means that increasing our knowledge of processes
nd interactions which drive grain quality is restricted.
Simulation models typically provide the most powerful insights
f their descriptions are mechanistic (Jamieson and Semenov, 2000).
or grain quality, important advances have been made in mod-
lling protein components of grain using a modiﬁed SiriusQuality
odel, which partitioned N into structural/metabolic and major
torage proteins within the routine which provided prediction of
he gliadin and glutenin fractions account for protein composition
nd provides inference to dough rheology and bread quality (Martre
t al., 2003; Martre et al., 2006). This model provides a basis for
tudying impacts of climate change on wheat quality, although
alidation of this model is required for high temperature shock
articularly during the ﬂowering and graining ﬁlling phase and
levated CO2 conditions. Grain quality data from global FACE pro-
rammes will be particularly valuable for validating and enhancing
he performance of such models.
The functionality of crop models could be further extended
y adding model components which more elegantly reﬂect our
hysiological understanding of grain ﬁlling processes of crops
nd ultimately quality prediction given environment and cultivar-
peciﬁc effects. Importantly crop models need to adequately
ccount for high temperature effects on grain quality. Empirically,
igh temperature stress during the grain ﬁlling phase reduces
he glutenin/gliadin ratio and limits the synthesis of the larger
DS-insoluble glutenin polymers which causes wheat dough to
ave weaker viscoelasticity properties (Blumenthal et al., 1993;
orbellini et al., 1997; Troccoli et al., 2000). Grain water dynam-
cs to the polymerisation process also appears important (Ferrise
t al., 2015). Overall the connection between post-anthesis temper-
ture, glutenin polymer formation and grain functional properties
Ferreira et al., 2012) provides a framework for modelling post
nthesis environment on functional and end-use value of wheat.
For whole-grain quality characteristics including milling yield
nd screenings percentage, these may  be effectively represented
y modelling grain size distribution using a mechanistic repre-
entation of a single-spike. Such a model could account for the
hysiological processes controlling the distribution and rate of
ssimilate deposition to grain based on intra-spike position (Kirby,
974; Wilhelm and McMaster, 1996) and cultivar speciﬁc traits
Rawson and Evans, 1970; Bremner, 1972). This concept requires
evelopment and testing to determine if it could advance our model
apability for predicting whole-grain quality.
. Conclusion
Crop simulation modelling provides insight to the broad scalePlease cite this article in press as: Nuttall, J.G., et al., Models o
http://dx.doi.org/10.1016/j.fcr.2015.12.011
eedbacks between climate change and agro-production systems
t a regional level and could also be beneﬁcial for determining
he impact of environment on grain quality. Many contemporary
odels are restricted to the quality parameters average grain size PRESS
earch xxx (2015) xxx–xxx
and grain-N, however, utility could be extended by accounting for
properties which more directly reﬂect grain functional and end-
use value. Important advances have been made in accounting for
grain protein composition using a modiﬁed Sirius model, which
partitioned N into structural/metabolic and major storage proteins,
gliadin and glutenin. The link between temperature during the
grain ﬁlling phase, glutenin polymer formation and grain functional
properties could also provide the conceptual framework for mod-
elling post-anthesis environment to end-use value of wheat. Grain
quality data from FACE experimental programmes are likely to be of
signiﬁcant beneﬁt in the development and testing of grain quality
models particularly, where the interactive effects of elevated CO2,
high temperature and trait testing have been considered. Opportu-
nity may  also exist in modelling whole-grain properties associated
with grain size and distribution such as screening percentage and
milling yield using a single-spike approach, although signiﬁcant
development efforts would be required to test this proposal. Over-
all, the development of crop models that account for expanded
functional, whole-grain and end-use characteristics will provide a
powerful tool for developing adaptation strategies, both agronomic
and breeding, for combating the impacts of climate change to arable
crop production and grain quality.
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